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Glutamine transport in the rabbit proximal straight tubule: effect of
acute acid pH. Proximal straight tubules (PST) has been shown to be an
important nephron segment of renal ammonia production. To clarify the
nature of glutamine (substrate of ammonia production) transport in
PST, both luminal resorption and peritubular uptake of gluatamine were
measured in isolated rabbit PST. Luminal glutamine resorption (Jgin)
was measured at various perfusate glutamine concentration (0.05 to 20
mM) at 38°C and 12°C. J, measured at 12°C were proportional to mean
luminal glutamine concentrations. This flux was thought to be a passive
glutamine flux. The flux, which was obtained by subtracting passive
glutamine flux from J5,, obtained at 38°C, was thought to be active
luminal resorption. This flux exhibited saturation kinetics (V,,ax 20.9
pmol min mm', km 5.2 mM). When bath p11 (HCO) was lowered
from 7.4 to 6.8, Jga showed no change or a small decrease (12%) at
perfusate glutamine concentrations of 0.05 or 5 msi, respectively. When
perfusate pH (HCO) was lowered from 7.4 to 6.8, J5 showed a small
decrease (10%) at 5 niu perfusate glutamine concentration. Peritubular
glutamine uptake was determined in isolated nonperfused PST incu-
bated for 5 to so mm in [°CJ-glutamine containing solution. When
incubated in pH 7.4 I-TCtJ3 buffer solution, cell to medium 14C concen-
tration ratio was higher than unity (3.83 0.34, P < 0.001) at s mm, and
reached a maximum (11.37 1.13) at 30 mm. Analysis by thin layer
chromatography showed that 69 to 81% of °C represented glutamine,
demonstrating that peritubular glutamine uptake was against chemical
gradient. The '4C ratios determined when tubules were incubated in pH
6.8 HCO3 buffer solution were consistently higher than the values
obtained in pH 7.4 HCO solution. A similar enhancement of the ratio
by acid pH was observed when tubules were incubated in phosphate
buffer solution. Accumulation of intracellular 4C was completely
abolished by removing Na from the incubation medium, These data
demonstrated that in the rabbit PST, glutamine is transported into the
cell across both luminal and peritubular membranes. The intracellular
glutamine accumulation is increased when peritubular pH is acidified.
This response may serve as one of the adaptative mechanisms to
enhance renal ammoniagenesis in acute metabolic acidosis.
Glutamine is the major precursor of renal ammonia produc-
tion in many mammals, and acute acidosis is accompanied by
an increased renal extraction of plasma glutamine and by an
accelerated ammonia production [1—3]. Free—flow micropunc-
ture studies have suggested that the proximal tubule is a major
site for ammonia production and addition to the tubular fluid
4—6]. Direct measurements of' ammonia production rates in
defined nephron segments [7, 81 have demonstrated that ammo-
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nia is produced mainly in proximal convoluted tubules (PCT)
and proximal straight tubules (PST).
The first step of renal ammonia production is a glutamine
transport into the renal epithelial cells. Silverman et al [9], using
the pulse injection multiple indicator dilution technique, dem-
onstrated that glutamine is taken up through both luminal and
peritubular membrane in the dog kidney. Membrane vesicle
studies also showed the existence of Na dependent glutamine
transport in both brush border and basolateral membranes of rat
and dog kidney [10—14]. Free—flow micropuncture and micro-
perfusion studies in the rat kidney clearly demonstrated PCT
reabsorbs filtered luminal glutamine almost completely [15, 16].
However, little is known about glutamine transport in the PST.
In the present study, glutamine fluxes across the luminal and
peritubular membranes were examined in the isolated rabbit
PST. Furthermore, the effects of acute acid pH on these two
glutamine fluxes were examined to test the possibility that a
change in the glutamine transport into the cell is one of the
adaptation mechanisms for increased ammonia production ob-
served in acute acidosis.
Methods
Isolated tubule perft'sion
Isolated segments of rabbit PST were dissected and perfused
in vitro as previously described [17, 18]. Briefly, Japanese white
rabbits weighing 1.5 to 2 kg were maintained on a standard
rabbit chow and had free access to water. They were anesthe-
tized with pentobarbital (50 mg/kg body wt. i.v.). The left
kidney was immediately removed and thin slices were made
after decapsulation of the kidney. Fragments of the superficial
PST were dissected in cooled (4°C) A solution (Table 1). These
were transferred to a thermoregulated chamber containing bath
fluid. To maintain bath pH constant, bath fluid was changed
every five minutes.
The perfusate and bath fluids were artificial solutions. The
salt composition of the perfusate (A solution) is shown in Table
1. Acid perfusate (B solution) was made by substituting NaCI
for NaHCO3. The salt composition of the bath fluids were the
same as the perfusates except that dialyzed albumin (bovine
albumine, fraction V, Sigma) was added at 6 g/dl. According to
the protocols, variable amounts of glutamine (0.05 to 20 mM)
were added to these solutions and NaCI was substituted to keep
osmolality constant. Tubules were perfused at 38 1°C except
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Table 1 Salt composition of solutions°
A B C D E F
NaC1 100 120 100 100
NaHCO3 25 5.0
KCI 5.0 5.0 5.0 5.0
Na2HPO4 2.4 1.5 20 12.5
NaH2PO4 0.6 1.5 5.0 12.5
Na acetate 10 10 10 10
CaCl2 1.8 1.8 0.5 0.5
MgCl2 1.0 1.0 1.0 1.0
fl-glucose 8.3 8.3 8.3 8.3 8.3 8.3
Choline Cl 118 138
Choline HCO3 25 5.0
K2HPO4 2.5 2.5
Ca acetate 1.5 1.5
Mg acetate 1.0 1.0
pH 7.4
a Units are m.
6.8 7.4 6.8 7.4 6,8
in one protocol where low temperature (12°C) was applied. The
luminal perfusion rates were about 10 nI min't (Table 2),
Each perfusate contained [3H]-inulin (2.96 Ci/mmol),
Amersham Corporation, Arlington Heights, Illinois, USA) to
measure volume flux (J, nI min1mm), and contained L-
[14C1-glutamine (40 mCi/mmol, Aniersham Corp.) to determine
luminal glutamine resorption (J53, prnol mm 'mm1). An equil-
ibration period of 20 mm was allowed before each sample
collection was started. Three collections were made in each
experimental period using a constant volume pipette. Radioac-
tivity was measured by a liquid scintillation counter (Tri-Carb
460 CD, Packard, United Technology, Downers Grove, Illinois,
USA).
L was calculated as
= (V/L) (In/In1 1)
where V is the collection rate, L is the length of the tubule as
measured by eyepiece micrometer, and In and In1 are [3H]-
inulin concentrations of the collected fluid and the perfusate,
respectively.
Jgln was calculated as
Jgin (1/L) (V1 . Gln1-V . Gln) (Glnm/Gln)
where V1 is the perfusion rate, GIn1 and Gln are the L-['4C1-
glutamine concentrations of the perfusate and the collected
fluid, respectively, and Gln1m is the molar concentration of
L-glutamine in the perfusate. Equation (2) is based on the
assumption that glutamine perfused into the lumen is not
metabolized when it flows through the tubular lumen. However,
it could be possible that some of glutamine is metabolized to
glutamate by phosphate independent glutaminase, which is
located in the brush border membrane of proximal tubules,
Because glutamate may be resorbed by proximal tubules, J
measured based on equation (2) may contain a component of
glutamate resorption. To determine this component, tubular
collected fluid was analyzed by cellulose thin—layer chromatog-
raphy (SF-1020, Funakoshi, Tokyo). After the solvent front had
run 10 to 12 cm, the plates were dried and sprayed with
ninhydrin to localize glutamine and glutamate. Rf values were
0.23 for glutamine and 0.33 for glutamate. When perfusate
glutamine concentration was 1 mM, 94 1% (six samples) of
(2)
14C of' collected fluid was recovered in glutamine. This indicated
that our J5li1 values in 1 mivi glutamine perfusate could be slightly
overestimated by 6% if resorption rates of glutamine and
glutamate are equal.1
Four protocols were performed.
Group 1. The purpose of this protocol was twofold. One was
to divide Jgin into two components, active glutamine resorption
and passive glutamine resorption, and the other was to deter-
mine the kinetics of these two components. Passive glutamine
resorption was defined as the portion of J51 which remained
after cell metabolism was inhibited. We applied a low bath
temperature (12°C) to inhibit cell metabolism. Active glutamine
resorption was calculated by subtracting passive glutamine
resorption (Jgin obtained at 12°C) from J5j obtained at 38°C. In
each tubule, control samples were collected at 38°C, then the
temperature of the bath fluid was lowered to 12°C. After an
equilibration period of 20 mm, samples were again collected. To
lower bath temperature, the bath heating system was turned oil',
and ice—cooled bath solution was applied every 5 mi Moni-
tored bath temperature was 7 to 17°C. Perfusate glutamine
concentration was varied at 0.05, 0.2, 1, 5, 10, and 20 m to
measure the kinetics of the fluxes.
Group 2. In this protocol, passive glutamine flux was mea-
sured in bath to lumen direction. For this purpose, bath volume
was reduced to 100 .rl and L-['4Cj glutamine was added to the
bath solution, Evaporation of the bath fluid was prevented by a
layer of paraffin oil covering the aqueous solution. The oil layer
was bubbled with 95% 02/5% CO2 gas continuously. Bath to
lumen glutamine flux was calculated from the rate of appear-
ance of L-[14C] glutamine in the collected luminal fluid. The
perfusion rate was kept rapid (about 20 nI/mm) to prevent a
significant back leak of luminal glutamine. Furthermore, 10'5M
(1) ouabain was added to the bath solution to inhibit active luminal
glutamine resorption.
Group 3. The effect of lowering bath pH on J was deter-
mined. Perfusion was started with control bath fluid (A solu-
tion), and then, the bath solution was changed to the acid bath
fluid (B solution) in experimental period. In the post experimen-
tal period, the bath solution was again changed to the initial
control bath fluid. An equilibration period of 20 mm was
allowed between the periods. In all three periods, the perfusate
was the control solution (A solution) and the perfusate
glutamine concentration was 0.05 or 5 mM.
Group 4. The effect of lowering luminal pH on was
determined. The protocol was similar to that of Group 3, except
that the perfusate pH was altered instead of the bath pH.
Perfusatc glutamine concentration was 5 mivi.
Because conversion of glutamine to glutamate is saturable function
(Km of phosphate independent glutaminase is 2 mivi 1191), ell'ect of this
conversion on measuring J51 would be small when perfusate glutamine
concentration is higher than 1 mrvi (that is 5, 10, 20 mM). Conversely,
overestimation would he larger than 6% when perfusate glulamine is
0.05 and 0.2 mM. In our kinetic analysis of igIn (Results), J51, values
obtained in high luminal glutamine concentration were more important
than that obtained in low concentration. If glutamate is more efficiently
reabsorbed than glutamine, overestimation of igI. becomes large. '[his
possibility was not tested in this study. In the rat PCT. Silbernagl 1191
reported a higher glutamine transport rate than glutamate.
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Table 2. Effect of bath low temperature on J, and at various perfusate glutamine concentration°
Perfusate glutamine
concentration
(mM) Nh
38°C 12°C
V gln(c) J JV0° gln(c)1 Jd igine
0.05 5 9.9 0.008 0.47 0.23 9.9 0.032 0.05 0.09
0.2 4 11.1 0.035 0.23 0.77 9.9 0.122 —0.06 0.27
1 4 9.2 0.33 0.63 3.38 9.6 0.87 —0.02 0.83
5 10 10.6 2.68 0.54 9.63 10.6 4.61 0.01 1.53
10 5 10.6 7.44 0.50 15.08 10.7 8.68 0.00 4.11
20 7 10.3 16.24 0.32 21.17 10.2 18.31 —0.12 4.24
Data are expressed as mean SE.
b N, number of tubules.
° v, collection rate (ni min1).
d L, volume flux (nI min' mm1).
1gIn luminal glutamine resorption (pmol min1mm).
gln(c), glutamine concentration in collected fluid (mM) which was calculated assuming that ['4CJ-glutamine was not metabolized during passage
through tubular lumen.
Peritubular uptake studies
To evaluate the perituhular glutamine uptake across the
basolateral membrane of PST cells, isolated nonperfused PST
were incubated in either control or acid medium and cellular
L-['4C] glutamine uptake was determined. The salt composition
of the medium used in these experiments is also shown in Table
1 (A—F). The medium were bubbled with 95% 02/5% CO2 gas
except that C and D solutions were bubbled with 100% 02 gas.
The osmolalities of the medium were adjusted to 290 mosmol/kg
H20.
Fragments of the rabbit superficial PST were dissected in
either control or acid medium. In order to calculate the volume
of a single nephron, the length and diameter of both ends were
measured in each tubule by eyepiece micrometer. Isolated
tubules were transferred with a droplet of 4 pJ incubation
medium to a small well located on a lucite plate. The small well
was immediately covered with paraffin oil which was previously
equilibrated with water and 95% 02/5%CO2 or 100% 02 gas to
prevent evaporation and to keep pH constant. Tubules were
preincubated for 20 mm at 38°C, then 2 l of identical incuba-
tion medium containing L-['4C1 glutamine and [3H1 inulin was
added into the well. The final glutamine concentration of the
incubation medium was adjusted to be 2 ms& Incubation time
was 5 to 50 mm. Incubation was terminated by placing the lucite
plate on ice and each incubated tubule was transferred by a fine
needle to another well which contained 100 !.d of 3% triehloro-
acetic acid. After 60 mm, the sample was transferred into
plastic scintillation vials. [3H] inulia was used to estimate the
extracellular fluid volume. The radioactivity was measured as
described above.
To express the results as the ratio of intracellular to medium
'4C concentrations, water volume of tubule (Vt) was calculated
as
Vb 0.7 IT(L) (1/12) (d12 + d1d2 + d22) (3)
where d1 and d2 are diameters of both tubular ends. In this
equation. the shape of isolated PST was assumed to be a
cylinder, and the factor of 0.7 was used to convert the geomet-
ric tubular volume of water volume [201.
Theoretically, intracellular '4C count represents the minimal
estimate of cellular glutamine uptake. L-l'4C]-glutamine is
taken up and accumulated in the PST cells (Results). Some of
the accumulated glutamine may be metabolized inside the cell.
Some leakage of [4CJ-glutamine and [4C]-labeled metabolites
from the cell to peritubular fluid may be expected. In this
respect, a short incubation time is desirable for using '4C count
as an estimate of cellular glutamine uptake rates.
In some of our experiments, the extracted fluid was analyzed
to determine the metabolic fate of intracellular L-['4C]-
glutamine. Tubules were incubated for 5 or 30 mm with 2 mM
L-[4C]-glutamine, and transferred to 2.5 pi of 3% TCA solu-
tion. After one hour, 1 l of the extracts were analyzed by
cellulose thin—layer chromatography (Art. 5577, Merck) with a
solvent system of hutanol:acetic acid:water (3:1:1 in volume).
P.S values for glutamine, glutamate, and a-ketoglutarate were
0.19, 0.26, and 0.65. respectively. The plates were cut into
sections and '4C radioactivity was counted in each section.
Analysis (f the data
The data were analyzed by either paired or non-paired
Student's i-test depending on experimental conditions. The
results were expressed as mean SE.
Results
Lurninal glutamine resorption
The results of measuring J8i1, at various perfusate glutamine
concentrations (0.05 to 20 mM) at two different bath tempera-
tures (38°C and 12°C) are shown in Table 2. Mean tubular length
in this series was 2.5 0.1 mm (N 35). 'Ihe mean i of all
tubules used in this series was 0.45 0.04 at 38°C and —0.02
0.02 nI mintmm1 at 12°C. At each perfusate glutamine
concentration, a significant decrease in igln (61 to 84%) was
observed in response to cooling the bath (Table 2). Thus, these
A
5
4
3
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Glutamine concentration m
B
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Fig. 2. Kinetic study a luminal glutarnine resorption in PST. Open
circles are data for J51 obtained at 38°C. Solid line is obtained by
Gauss—Marquardt analysis. Broken line represents a passive glutamine
flux (y = 0.2x).
glutamine resorption when low temperature bath was applied.
Similarity of the two passive glutamine flux coefficients (lumen
to bath, and bath to lumen) strongly suggests that these fluxes
10 15 20 pass through the paracellular pathway.
Kinetics of Jgip,
0 1 5
0
10 15
Glutamine concentration, m
5
Glutamine concentration, rni
0
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Fig. 1. Passive gluta,nine flux in PST. Fig. IA shows the relationship
between mean luminal glutainine concentration and J1 (pmol min
mm') obtained at 12°C. Solid line was obtained by a linear regression
analysis. Fig. I B shows the relationship between bath glutamine
concentration and unidirectional bath to lumen glutamine flux.
results demonstrated that luminal glutamine was reabsorbed in
the rabbit PST. Most of this resorption (61 to 84%) was
dependent on cell metabolism (thus, this resorption was active
transport). This active component of igili may represent the
glutamine transport from lumen to the cell across the luminal
membrane.
J,,, measured at 12°C was thought to he a passive diffusion
through the cell and/or paracellular pathway. It' so, J mea-
sured at 12°C was expected to be proportional to the mean
luminal glutamine concentration. In Fig. IA, J at 12°C were
plotted against mean (log mean) luminal glutamine concentra-
tion, and a linear regression analysis showed that y = 0.21X +
0.56 (,' = 0.72, P < 0.005). This linear relationship indicated that
measured at 12°C was a passive diffusion of gltitamine.
Bath to lumen glulamine ,flux
To further confirm that J measured at 12°C was a passive
diffusion, bath to lumen glutamine flux was measured, and the
flux coefficients of these two fluxes were compared. In seven
tubules, several bath glutamine concentrations (0.6 to 20 mM)
were applied, and bath to lumen glutamine fluxes were mea-
sured. Glutamine flux was plotted against bath glutamine con-
centration, and the result was shown in Fig. lB. A linear
regression line was y = 0.25X I- 0.11(r = 0.99, P < 0.005).
Inspection of Figure 1 shows that these two regression lines
are close, although the y intercept of the line for igin measured
at 12°C was large. This was probably due to a small residual
Analysis was performed to determine the kinetics of active
glutamine resorption. Similar analysis was previously per-
formed for glycine and a-aminoisohutyric acid transport in
rabbit PCT and PST by Barfuiss, Schafer and Mays [21, 221. In
Figure 2, J obtained at 38°C were plotted against mean
lurninal glutamine concentrations. Saturation tendency of Jga
was clearly observed. J measured at 38°C can be divided into
two components. One is an active glutamine resorption which is
dependent on cell metabolism, and this flux is expected to
follow Miehaelis—Menten kinetics. The other is a passive
glutamine flux which is proportional to luminal glutamine
concentration. Thus, J at 38°C can be given as
JgIn =
Vmax [gin] + k' [gIni (3)
Km + [gIn]
where Vmax (pmol min' - mrn') is a maximal transport rate
and Km (mM) is a mean luminal glutamine concentration at
which active JgIi. = 1/2 V. A passive flux coefficient is k
(pmol min1mmt mrvi I), and [gIni is the mean luminal
glutamine concentration. Gauss—Marquardt analysis (by a com-
puter) was used to determine V and Km values. As a k, 0.25
(which was obtained by bath to lumen glutamine flux) was used.
Analysis showed that Via was 20.9 2.4 and Km was 5.2
1.7.
Effects of acid bath fluid and pert iisate on J,,,,
The effect of lowering bath pH/HCO3 on J, was examined at
two different perfusate glutamine concentrations (0.05 and 5
mM). The results are summarized in Figure 3. When perfusate
glutamine concentration was 0.05 mM, there was no change in
L (0.44 0.10 to 0.47 0.09 nI min'mm') or in JJ) (0.23
0.01 to 0,22 0.02 pmol mm 'mm ')in response to lowering
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Bath p1-1 7.4 6.8 7.4
Lumen pH 7.4 7.4 7.4
T 0.3:
Perfusate glutamine 0.05 mM
Bath pH 7.4 6.8 7.4
Lumen pH 7.4 7.4 7.4
bath pH. On the other hand, when perfusate glutamine concen-
tration was 5 m, a slight decrease (12%) was observed in JgIfl
(10.59 1.95 to 9.29 1.80 pmol min'mm' P < 0.01) by
lowering bath pH, whereas J, did not change significantly (0.43
0.09 to 0.48 0.06 nI mm 'mm ')
The results examining the effect of lowering luminal
pH/HCO3 are summarized in Figure 4. In response to a de-
crease in perfusate pH, J decreased slightly by 10% (7.80
1.12 to 7.02 1.07 pmol min'mm', P <0,01). and L did not
change significantly (0.65 0.11 to 0.50 0.07 nI min'mm').
As a summary, these data indicate that reducing luminal or
peritubular pH/HCO3 tended to reduce luminal glutamine re-
sorption slightly.
Peritubular uptake studies
Glutamine uptake into the cell from peritubular fluid was
examined in isolated nonperfused PST. The results are ex-
pressed as cell to medium '4C ratio and summarized in Figure 5.
When tubules were incubated in control medium (A solution),
the ratio of cell to medium '4C concentration was significantly
higher than unity (3.83 0.34, N 17) at 5 mm incubation time,
and the ratio increased as incubation time extended. The ratio
reached maximum at 30 mm (11.37 1.13, N 45), We noted
a small decrease at 50 mm (10.76 1.15, N = 19). A similar
tendency was observed in tubules incubated in acid medium (B
solution). However, the value of cell to medium '4C ratio was
significantly higher in the tubules incubated in acid medium
0 5
Incubation time, mm
Fig. 5. Time course of antiluininal glutamine uptake from prittihular
fluid in isolated nonperfused PST. Two bath pH (7.4, and 6.8) were
examined. Bath pH was altered by changing HCO3 concentration. Bath
glutamine concentration was 2 mM. Symbols are: * P < 0.05 compared
between pH 7.4 and pH 6.8; ** P < 0.001 compared between pH 7.4 and
pH 6.8.
than those incubated in control medium during all incubation
time (Fig. 5). The ratios were 3.83 (pH 7.4) and 4.96 (pH 6.8) at
5 inin incubation time, and these two values were already
significantly different (P <0.05).
The fact that cell to medium '4C ratio was larger than unity is
suggestive evidence for an active peritubular glutamine uptake.
However, it is possible that cellular '4C concentration repre-
sents glutarnine metabolites as well as glutaminc. Analysis
using thin layer chromatography (Methods) were performed to
examine this possibility. Experiments were conducted identi-
cally as previously described. Tubular extracts were applied to
the chromatography. Incubation time was S and 30 mm, and
glutamine concentration in the medium was 2 m. Results are
Bath pH 7.4 7.4 7.4
Lumen pH 7.4 6.8 7.4
15
E
E 10
20
E 15
E 10
0
E0.
0
Fig. 3. Effect of acid bath solution on luminal glutamine resorption.
pH was changed by altering HCO3 concentration. Two different per-
fusate glutamine concentrations (0.05, and 5 mM) were examined.
Perfusate glutamine 5 mM
0
Fig. 4. Effect of acid perfusate on luminal glutamine resorption.
Perfusate glutamine 5 mM
N 18
**
20
15
10
5
0
0
F
a
F
C
a)0
N = 45
pH 7.4
N = 19
10 20 30 50
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Table 3. Peritubular glutamine uptake and intracellular chemical
glutamine concentration
Chemical
Cell to % of '4C intracellular
medium recovered glutamine
Incubation "C from concentration
time ratio glutamine (mM)
pH 7.4 5 mm 3.84 80.8 6.27(n = 9) 0.42 1.3 0.69
30 mm 7.20 68.9 10.45
(n 8) 1.32 2.9 1.90
pH 6.8 5 mm 4.34 88.2** 7.63(n = 10) 0.33 0.4 0.56
30 mm 11.27* 68.5 15.44
(n 8) 0.33 3.4 1.84
* P < 0.01, pH 7.4 vs. pH 6.8; ** P < 0.001, pH 7.4 vs. pH 6.8
shown in Table 3. At 5 mm incubation time, 80.8 1.3% of '4C
was recovered from glutamine when incubation medium was
pH 7.4, and 88.2 0.4% of '4C was obtained when the medium
was pH 6.8. At 30 mm incubation time, those values were 68.9
2.9% and 68.5 3.4% for pH 7.4 and 6.8, respectively. Using
these values, intracellular chemical glutamine concentrations
can be calculated (Table 3), and the values (5 mm incubation
time) were 6.27 0.69, and 7.63 0.56 m at pH 7.4 and 6.8,
respectively. These values were significantly higher than bath
glutamine concentration (2 mM) indicating that peritubular
glutamine uptake is against chemical gradient.
To determine whether the increase in cell to medium '4C ratio
by acid medium was due to the low pH effect per se, or to the
effect of low bicarbonate concentration, tubules were incubated
in phosphate buffer mediums which were adjusted to pH 7.4 and
6.8 (C and D solution). In this protocol only 30 mm incubation
time was examined. The results are shown in Figure 6. The cell
to medium '4C ratio was significantly higher in the acid pH
group than in the normal pH group (7,4 0.4 vs. 4.4 0.4, P
< 0.001). However, we noted that the ratio was lower in the
tubules incubated in phosphate buffer solution than those
incubated in bicarbonate buffer solution at either pH 7.4 or 6.8.
The reason for this difference is not yet clear, but it may be due
to an effect of HCO3 or pCO2 on the peritubular glutarnine
transport.
In order to determine whether the intracellular glutamine
accumulation process is Nat-dependent or not, tubules were
incubated in Na free medium (E and F solution) for 30 mm.
The results are also shown in Figure 6. The cell to medium 14C
ratio was close to unity in control medium (1.1 0.2) and in
acid medium (1.3 0.2). These values are not significantly
different from unity, demonstrating that the intracellular
glutamine accumulation was totally Na dependent.
Discussion
The present study provides three observations. First, luminal
glutamine resorption rates was measured. Most of this flux was
demonstrated to be active. Kinetics of this flux was also
determined. Second, peritubular glutamine uptake against
chemical gradient was demonstrated. Third, applying acid
medium induced little effect on luminal glutamine resorption,
while it increased intracellular I '4CJ-glutamine accumulation.
Lurninal gluiwnine resorption
Luminal glutamine resorption rates in PST have not been
measured previously. Our results (Fig. 2) showed that luminal
glutamine resorption was composed of two components. One
was a flux which was proportional to luminal glutamine con-
centration. This was interpreted as a passive glutamine flux.
The other was a flux which was sensitive to cell metabolism,
and showed Micaelis—Menten type saturation. In the rat PCT,
Silbernagl [16] has determined the kinetics of glutamine absorp-
tion, and their kinetic constants were: VflaX, 93.0 pmol
mm 'mm' and Km, 2.1 m. Their V11 was much higher than
our value, while their Km was similar to our value. The
difference in Vmax values between theirs and ours would be due
to the axial nephron heterogeneity between PCT and PST.
Samarzija and Fromter [231 also reported a similar Km value
(5.5 mM) for glutamine absorption in the rat PCT by electro-
physiological analysis. Barfuss, Schafer and Mays [21, 22]
measured transport of several amino acids in rabbit PST. They
reported: Vmax, 2.5 pmol min'mm , and Km. 0.7 m for
glycine. Comparision of their values with our values suggests
that PST has a higher transport capacity for glutamine than
glycine.
Perituhular glutamine uptake
Present studies showed that cell to medium 14C ratio was
higher than unity when non-perfused PST were incubated in a
N = 41
N = 45
HCO3
20
15
0
C)
£
-ea
E 10
0
a
I-)
5
0
pH 6.8
Na
Fig. 6. Effect of different incubation medium on antiluniinal glutamine
uptake from peritubular fluid in isolated nonpe,fused PST. Incubation
time was 30 mm. Columns of HC0 and P04 represent the studies in
which pH was changed by altering HCO3 or P04 concentrations,
respectively. Na(—) represents the study in which Na was removed
from incubation medium Bath glutamine concentration was 2 mM in all
bathing mediums. Symbol is: * P <0.001 compared between pH 7.4 and
pH 6.8.
15
pH = 7.4
Na(—)
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[14C]-glutamine containing medium (Fig. 5). This fact indicated
that glutamine was taken up into the cell across the basolateral
membrane. However, a possibility that glutamine entered into
the lumen through the paracellular pathway and was reabsorbed
through luminal membrane can not be denied, although the
tubular lumen was totally collapsed in our incubation condition.
One observation in our study argues against this possibility.
Luminal glutamine resorption was not altered or was reduced
slightly when bath pH was acidified (Fig. 3), whereas peritubu-
lar glutamine uptake was stimulated when bath pH was acidified
(Fig. 5). This dissociation suggests that peritubular glutamine
uptake did not represent a luminal resorption of leaked
glutamine.
Measurement of intracellular chemical glutamine concentra-
tion (Table 3) further demonstrated that this peritubular
glutamine uptake is against chemical gradient. The Na re-
moval experiment (Fig. 6) implied that this glutamine uptake is
a Na dependent process, possibly Na'-glutamine co-trans-
port. An alternative explanation for Na removal study was
that removing Na increased the leakiness of the peritubular
membrane, and thus, glutamine gradient was not established.
Further study is needed to differentiate these two possibilities.
The result of perituhular uptake is consistent with the previ-
ous observation that there is an antiluminal uptake of this amino
acid from the blood in the dog and rat kidneys [9, 24—26]. In the
rabbit PST, an uptake of several other amino acids (glycine,
serine) through the antiluminal membrane has also been dem-
onstrated [22, 27], More recently, the studies using basolateral
membrane vesicles [12—14, 28] clearly demonstrated the exist-
ence of Na dependent glutamine transport mechanism in the
basolateral membrane.
Glutamine which entered into the PST cells may be utilized as
a substrate of ammoniagenesis. Recent free flow micropuncture
study [61 and direct determination of ammonia production in
defined nephron segment [7, 81 showed that PST as well as PCT
is a major site of renal ammonia production. As a route for
glutamine into the PST cells, peritubular uptake may be criti-
cally important because filtered glutamine would be almost
perfectly reabsorbed in PCT [16]. Minimal glutamine remains
for luminal resorption in PST.
Effrct of acute acid pH on glutamine transport
Acute acidosis induces many changes in glutamine—ammonia
metabolism (recently reviewed by Tannen and Sastrasinh [29]),
including increased renal extraction of plasma glutamine and
increased production of ammonia [1—3]. Our results showed
that cell to medium 14C ratio was increased in response to
lowering ambient pH/HCO3 (Fig. 5). A part of this effect could
he due to an effect of acid pH per se (Fig. 6). As mentioned in
Methods, intracellular '4C concentration may be affected by at
least two processes. One is peritubular [14C]-glutamine uptake
and the other is efflux of ['4C]-glutamine out of the cell. In this
study it is not clear whether acid pH effect was due to increased
peritubular uptake or due to decreased efilux. Therefore, what
we can safely say is that acid pH stimulated intracellular
accumulation of ['4C]-glutamine by altering basolateral mem-
brane transport. It is tempting to speculate that this increased
intracellular glutamine accumulation serves as one of the adap-
tation mechanism of renal ammonia production in acute acido-
sis.
It is of note that stimulation of glutamine transport in baso-
lateral membrane has been observed in vesicle study. Foreman
et al [14] observed that glutamine uptake rates by basolateral
membrane vesicles was not different between vesicles taken
from normal and chronic acidosis rats. However, they observed
that glutamine uptake by basolateral vesicles was stimulated by
lowering pH of incubation medium. Windus, Klahr and Ham-
merman [13] also showed that the hasolateral membrane vesi-
des prepared from kidneys of dogs following two hours of acute
respiratory acidosis revealed increased rates of Na dependent
glutamine uptake compared with that obtained from normal
acid—base dogs. Taking account of these results, it may be
possible that increased intracellular glutamine accumulation in
this study was mediated at least in part by increased peritubular
uptake. Clearly, this point needs further studies.
On the contrary to the hasolateral glutamine transport, we
observed little or inhibitory effect of ambient acid pH on
luminal glutamine absorption (Figs. 3, 4). This result is in
agreement with free flow micropuncture study of the rat PCT
[16] and vesicle study of the dog kidney [13] that luminal
glutamine reabsorption was not stimulated by acute acidosis.
Finally, it should be mentioned that species difference exists
in glutamine—ammonia metabolism. Ammonia production in the
rabbit kidney is modest in comparison with other species such
as dog and rat, and that adaptation to acid loading is less
impressive [301. Therefore, extrapolation of our data in the
rabbit to other species needs careful consideration.
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